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q\ ' Abstract 

It is evaluated the first order temperature correction to the energy of massive neutrino 
& [ in the case of weak magnetic field and temperatures T <C Myy. 
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Finite temperature field theories have often been discussed in physics for various rea- 



Ph. sons [0, 0, ^ |J. The most fundamental reason is that physics experiments are not carried out 
at zero temperature; however, since relativistic field theories usually deal with energy scales 



^ . characterized, as a minimum, by the electron mass, laboratory ambient temperatures qualify as 
low, and temperature corrections are justifiably neglected. In recent years theoretical interest 
in finite temperature field theory has grown for other reasons. One is the increased interest in 
nonabelian gauge theories with spontaneous symmetry breaking; at zero temperature they ex- 
hibit a broken-symmetry phase, but at high temperatures the symmetry commonly is restored. 
This leads into cosmological interests; at the epochs when elementary-particle phenomena were 
relevant to the evolution of our universe, the temperature was also extremely high, and a sat- 
isfactory relation between cosmological evidence and particle physics must take into account 
temperature effects. A separate interest is related to the increasing availability of data on high 
energy hadronic collisions; a common feature of models of such processes is the assumption of a 
temporary state of high-temperature equilibrium before the final state forms. To improve such 
models a better understanding of finite-temperature field theory will be needed. It is also worth 



noticing that recently there has been a great interest in the problem of neutrino interactions 
with a thermal background |5], ||, [7|, || . 

In this paper we present a calculation of finite temperature corrections to massive neutrino 
energy in the external magnetic field. Our fundamental definition of "finite temperature" is 
the following: "At finite temperature" means "in the presence of particles". In this case in 
a thermal-equilibrium distribution exist such particles as photons, electrons, positrons and 
intermediate bosons. Calculations are carried out in the frame of Weinberg-Salam theory of 
electroweak interactions ||, 10, 11]. 



The part of Lagrangian which is connected with dynamic nature of anomalous magnetic 
moment of Dirac massive neutrino is 

L = L\y + L u + L e + L int + L g , (1) 

where 

L w = -~[D„W+ - D V W+] 2 + M 2 W+W~v - ie{d il A v - d v A^)W + ^W^ (2) 
is the Lagrangian of W - boson field interacting with electromagnetic field, 

L v = v{i^d^ - m v )v (3) 

is the Lagrangian of free neutrino, 

L e = e{ij»d„ - e-fA» - m)e (4) 



is the Lagrangian of electron field in the external magnetic field A 



L mt = JL(j7 L W+re L + e L W-^v L ) (5) 
is the Lagrangian of interaction of electron, neutrino and P^-boson, 

L g = -±{D + »W^){D-W+) (6) 

is the part fixing gauge. 

In the equations @ and (H) = ± ieA^, and right and left components of Dirac 
bespinors are equal to ipL = f (1 + 7 5 )Vs i>R — |(1 — 7 5 )V ; - 



It is known that the contribution of charged scalars tp to radiative energy shift of neutrino 
is smaller than W - boson contribution: 



AE W ~ Ml " ■ 



(7) 



therefore the corresponding part of the Lagrangian (H) is omitted and we consider only W 
- boson contribution to the radiative shift of neutrino energy. Let us consider electron neu- 
trino with four-momentum q = (qo,q) in the heat "bath" of electrons, positrons, photons and 
intermediate bosons with zero chemical potential in the external magnetic field 

A" = (0,0,xH,0). (8) 

The selftime representation of W - boson field propagator in Feynman gauge is given by 
1 r +co dt 
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where 



Q = —b(x 2 — x' 2 )(xi + x\), 
b = eH, e > 0, 



(10) 



and matrix B(t) has the following nonzero elements: 



B 00 = -B 33 = 1, B 22 = B U = - cos(2y), 
B 12 = -B 21 = - sin(2y), y = bt. 



The finite temperature electron propagator in the real-time representation is given by 
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^\x)^:\x') 



uo + eE n (l -id) V l + exp(E n /T) 

where ip^(x) is the solution of Dirac equation in the field @ [12]: 

/ Ciu n -i(r)) \ 
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In this expression u n {rj) is Hermite function with argument 

V2 v 



7] = v eH{x\ 



<eH' 



(14) 



Cj (i = 0, 1, 2, 3) are spin coefficients Hl2| , and 



AT = {eHf^/L 

is normalization factor with normalization length equal to L. 
The shift of neutrino energy is given by 

Z J J — CO 



(15) 



(16) 



Let us consider pure temperature dependence part of expression (|i~6"P. In the real time 
formalism |], @, 0, [§] one gets automatically the temperature dependence separated from the 
zero-temperature terms. 

If we consider neutrino moving alone; than neutrino wave-function has form: 



v\x) 



(17) 



In (1X71) we must take A = 1 when the neutrino spin is orientated along the magnetic field, 



and 



( qi /^2E u (E u - m v ) 
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In the case when the neutrino spin is orientated against the magnetic field we must take 



•1 , and 
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In the expressions ( |T~S| ) and ( JT~D| ) the neutrino energy is equal to E v = \jm 2 v + qj. Putting 
expressions of Gp, B^ a end vl in the equation (|l6|) and taking the sum over the spins of inter- 
mediate electron states, we get the following formula for temperature shift of neutrino energy: 

-,2 P r+oo 



AE U (H } T) 
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j£E n (x' —XQ)+ip2{x2—X , 2 )+ip3(x3—x' 3 ) 
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+ exp(E n /T) 
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where the sums are taking over the main quantum number n, over the momenta p%, p 3 and over 
the sign coefficient e — ±1. In (|H]) the function F has the following form: 



F = -i ^-=^^ AB[u n -i{r])u n {r]') - u n (r))u n -i(r)')] 
-(1 + e^)e i2eHt [A 2 (l + A) + B 2 (l - A)]^K(?/) 



(21) 
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-(1 - e^)e-^ m [A\l - A) + 5 2 (1 + A)]^ ri _ 1 (7 7 )^_ 1 (7 7 / ) - 

Integrating over the variables X2, x' 2 , x%, x' 3 and over the x[ (making substitution X\ 
-{x\ — x[), x'i — > x\), we get expression 



in 2 r+00 r+00 r+00 (ftk , /rl ;rTnN1 , 
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where F is the same as in the formula (pi]), but with the following variables: 

k 2 , k 2 



}F, 



v = y- 



V 



-y 



P3 = -fa- 



Using table formula 113 



/+00 „ 
e~ x H m (x + y)H n (x + z)dx = 2 n n 1 / 2 m\z n - m L 
-00 
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n > m, 



(23) 
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(here H n (x) is Hermite polynomial and m (x) - Laguerre polynomial), integrating over y and 
making substitution of variebles 

h - qi k 2 



'eH 



Xu 



fa 
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we get 
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AE U (H,T)= \l 2 ]T 
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where 



_ i2ey/¥^AB 
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Rn-i, n -i = -(1 - e^-)[A 2 (l - A) + B 2 (l + X))exp(-i2eHt), 
R n ,n = -(1 + e^-)[A 2 (l + A) + B 2 {1 - X))exp{i2eHt), 

E n 

In the plane of variables x\ and x 2 we can pass to polar coordinates x and <p , where 

Xi = a;cos</9, X2 = xsmip, (28) 
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After such substitution we can use well known table formulae [131: 



2 " ^ e - 4Xsin¥,+m¥3 = 2vrJ n (x); (29) 

o 

x^e-^L^ax 2 ) J u {xy)dx = 2—^—1^ _ tt )y e ^( ^ ). 

4p(a — p) 

( J n (x) is Bessel function) and integrate over ip and x . 

Finally for the temperature shift of neutrino energy we obtain the following expression 

AE V (H,T) = AEi (H, T) + AE 2 (H, T) , (30) 

where 

in 2 \/p H r+00 r+oc 
AEi(H, T) = £ / dy / edxfl + exp^/T)]- 1 x (31) 

l07T z JO J-oo 

m 2 , + m 2 + q 2 - 2eE v E n — M 2 . . . q 2 

exphy — ism ye y —r- x 

F[y eH eW 

{i2e^=r€myL\_ x {z) - i[e*L°(*) + e^L^z)]} 

is part which does not depend on neutrino spin orientation, and 

in 2 \/ p H r+00 r+oc 
AE 2 (H, T) = -^f — / dy edx[l + exp(EjT)]- 1 x (32) 

107T n JO J— oo 

ex P [iy ml + m2 + J " 2£EA - isinye^^](-^[e^(,) - e^L°_ x (z)] 
is the part which depends on neutrino spin orientation. 
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Below we present results for various values of temperature and neutrino energies: 

1. In the case of weak magnetic fields H <C m 2 /e and low temperatures T/m <C 
1, AEi(H,T) and AE 2 (H,T) are of order exp(—m/T); i.e. we have exponential suppression. 

2. In the case of weak magnetic fields H <C m 2 /e and temperatures m <C T <C M for 
neutrino energies E v <C M 2 /T we have 

™ r > = J?w B 4 )4 - (33) 

A£ 2 (ff,T) = A(^ff)i^(^) 2 . 

In this formulae fiQ = 3g 2 m u e/647r 2 M 2 is the statical neutrino magnetic moment. 
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